Multiple lines of evidence have shown that motor-related brain regions can be activated during passively musical listening or beat perception, indicating a connection between auditory and sensorimotor systems. In the present study, we sought to examine whether the neural processing of auditory-vocal integration can be shaped by short-term cognitive training related to auditory attention and working memory. Auditory cognitive training consisted of a ten-day backward digit span task, in which digits embedded in various noise at different SNR levels were presented and subjects were required to repeat the digits in the reverse order. Before and after the cognitive training, subjects also participated in a vocal motor task, in which they heard their pitch auditory feedback unexpectedly altered upwards (50 and 200 cents) during sustained vocalization and their neurophysiological responses were recorded. The results revealed a significantly improved performance on the backward digit span task after the training. Moreover, cortical responses indexed by P2 amplitude to pitch perturbations in voice auditory feedback were significantly increased after the training compared with those before the training. These findings provide evidence that plastic cortical changes in the sensorimotor control of voice can be caused by auditory cognitive training.
INTRODUCTION
Multiple lines of evidence have demonstrated the experience-dependent plasticity in the sensorimotor control of vocal production. When exposing to frequency auditory feedback (FAF), as compared to Mandarin speakers, Cantonese speakers produced significantly larger cortical responses (indexed by P2) but smaller vocal responses to larger pitch perturbations (Liu et al., 2010; Chen et al., 2012) . It is suggested that neurophysiological and behavioral processing of auditory feedback during self-produced vocalization can be shaped by language experience. Music training has also been shown to modulate the sensorimotor control of vocal production. A sensorimotor adaptation study showed that, relative to non-singers, singers compensated to a lesser degree while exhibited significant aftereffects for pitch feedback errors (Jones and Keough, 2008) . Similar results were also observed in another study exposing both participants to FAF and asked them to the feedback (Zarate and Zatorre, 2008) . It was found that singers completely ignored the pitch shifts in voice auditory feedback while non-singers partially compensated for them. Moreover, singers showed more activation in the superior temporal gyrus, superior temporal sulcus, and right insula than nonsingers. Overall, these findings demonstrate the cortical plasticity in the sensorimotor control of vocal production induced by long-term exposure to language or music experience.
Accumulating evidence has shown that auditory perception and motor execution are tightly coupled (Haueisen and Knosche, 2001; Lotze et al., 2003; Meister et al., 2004; Chen et al., 2006) . Specifically, passive listening to speech sound or music rhythms activates motor areas of the brain (Wilson et al., 2004; Chen et al., 2008) . Given the coupled relationship between auditory perception and speech motor, it is suggested that enhanced skills of auditory perception due to the long-term exposure to language learning or music training make contributions to the cortical plasticity in the sensorimotor control of voice observed in previous research. Whether there is a cause-effect relationship between auditory speech perception and speech motor control, however, remains unknown.
Previous research has shown that cognitive factors such as auditory attention and working memory contribute significantly to speech perception in quiet and in noise (Humes, 2007; Parbery-Clark et al., 2009) , suggesting that auditory cognitive training may lead to enhanced skills of speech perception. Since auditory perception and speech motor are tightly coupled, it is possible that such enhancement in the perceptual system can be translated to the speech motor system, increasing the chance of detecting vocal output errors and thus facilitating the control of vocal production. Therefore, the present study was attempted to examine whether improvement in speech perception caused by auditory cognitive training can lead to the cortical plasticity in the processing of auditory feedback during self-produced vocalization.
METHOD Participants
Twenty Mandarin-native speakers participated in the experiment. They were randomly assigned into a trained group and a control group. The trained group was composed of ten young adults (aged 19-24 yr, mean=21 yr), and the control group was composed of ten young adults (aged 19-24 yr, mean=21yr). All subjects were right-handed, and none of them reported a history of speech, hearing, or neurological disorders. All subjects passed a hearing screening at the threshold of 25dB HL for pure-tone frequencies of 0.5-4kHz. The research protocol was approved by the Institution Review Board of The First Affiliated Hospital at Sun Yat-sen University of China.
Procedure
Prior to any testing measures or training sessions, each participant completed a language history questionnaire and APHAP-Chinese. An auditory cognitive training program consisting of a customdeveloped auditory Digit Span Backwards (DSB) test started immediately following the baseline assessment. Generally, DSB test is a collection of lessons designed for the potential improvement of working memory by means of backward digits memory. The task begins with a series of two digits orally presented to each participant. Subjects were asked to repeat the digits in the reverse order. In order to improve subjects' ability of both auditory attention and working memory, we modified the traditional DSB test by presenting the digits either quietly or embedded in various types of noise. Our DSB test consisted of 5 blocks spreading over ten consecutive days. Each block was used for two consecutive days. In the first block, digits were presented quietly. In the second and fourth block, digits were embedded in white noise at a SNR level of 5 dB and 10 dB respectively. For the third and firth block, each digit was embedded in a specific noise (e.g. white noise, human voice, alarm, etc.) at a SNR level of 5 dB and 10 dB. Subjects had to reach 70% accuracy on a given session before progressing to the next session. The number of digits used for the subsequent days was calculated based on subjects' performance the day before. Finally, the number of digits for each training day was obtained for analyses.
A Hearing-in-Noise-Test (HINT) program of Mandarin was developed to assess the improvement of auditory attention following the DSB test. The HINT program was calibrated to 65 dB SPL prior to the test. Three of 12 lists were randomly selected and administrated during the HINT. Each list consisted of 20 target sentences spoken by a male talker that were embedded in a white noise. Performance scores were checked by an independent auditor blind to subject grouping. The SNR loss core for each list was calculated and 3 scores were averaged to generate an overall SNR loss score for each subject.
In order to explore the effect of auditory cognitive training on the cortical processing of auditory-vocal integration, all trained and control subjects participated in a vocal production task before and after the training. The FAF paradigm was employed in the vocal production task, in which subjects were instructed vocalized a vowel sound /u/ for about 5-6 s at their habitual and comfortable level. During each vocalization, their voice feedback was randomly pitch-shifted upwards five times, and production of 20 consecutive vocalizations constituted a block, resulting in a total of 100 trials pre block, During each vocalization, the first pitch-shifted stimulus was presented with a delay of 500-1000 ms after vocal onset, and the succeeding stimuli occurred with an inter-stimulus interval of 700-900 ms. For each block, the magnitude was held constant at 50 or 200 cents with a duration of 200 ms.
Apparatus
DSB test was undergoing in a quite room. Subjects wearing Sennheier headphones seated in front of a desktop computer and heard the sounds played by the E-Prime software. Listeners were allowed to choose a preferred loudness level for training stimuli that was maintained throughout the training. They were asked to input the digits the heard via the keyboard.
During the HINT and neurophysiological tests, subjects were tested in a sound-treated booth. For the HINT test, subjects were instructed to repeat back sentences spoken by the target talker into a microphone in front of them. For the neurophysiological test, the EEG signal was recorded with a 64-electrode Geodesic Sensor Net using a Net Amps 300 amplifier at a sampling rate of 1000Hz (Electrical Geodesics Inc.). The electro-oculogram (EOG) artifact was monitored with four electrodes placed above and below the eyes and at the outer canthus. Individual sensors were adjusted and their impedances were maintained below 50kΩ. Subjects' voice signals were recorded by a dynamic microphone (Genuine Shupu, model SM-306) and amplified by a MOTU Ultralite Mk3 firewire audio interface. Prior to the testing, acoustic calibration of the experimental system was performed to insure that the intensity of voice feedback heard by the subjects was 10dB SPL higher than that of subject's voice output. An Eventide Eclipse Harmonizer controlled by a Max/MSP software program was used to pitch-shift the amplified voice. The pitch-shifted voices were played back to subjects through ER1-14 insert earphones. Transistor-transistor logical (TTL) control pulses were generated to signal the onset and offset of the pitch-shift stimuli. The voice, feedback, and TTL control pulses were digitized at 10kHz by a PowerLab A/D converter (model ML880), and recorded using LabChart software.
Data analyses
The mean values of DSB test score and the HINT SNR loss score were calculated to evaluate subjects' skills of auditory attention and working memory following the auditory cognitive training. Voice data were analyzed in IGOR PRO software using the event-related averaging technique for the measurement of vocal response to pitch shifts (Liu and Larson, 2007) . The magnitudes and latencies of vocal response to 50 and 200 cents were calculated and compared across conditions. The EEG signals were analyzed off-line using Net Station software. All channels were digitally band-passed filtered from 1 to 20Hz. Individual trials were segmented with a window from 200 ms prior to and 500 ms after the onset of pitch shifts. Segmented trials were then inspected for artifact contamination such as excessive muscular activity, eye blinks, and eye movement. Artifact-free segments were averaged, re-referenced to the average of electrodes on each mastoid, and baseline corrected across all conditions. The amplitudes and latencies of N1 and P2 components were extracted for further analyses.
All data were submitted to SPSS to test the significance across conditions. The mean score of DSB test was subjected to paired t-tests, while the mean SNR loss score and the magnitudes and latencies of vocal and neurophysiological responses were subjected to repeated-measured analyses of variance (RMANOVAs). Timing (pre-vs. post-training), stimulus (50 and 200 cents), and site (FCz, Cz, F1, F2, C1, C2) were regarded as within-subject factors, and group (trained vs. control) was regarded as a betweensubject factor. Appropriate sub-RMANOVAs were calculated if higher-order interactions were observed. Probability values were corrected using Greenhouse-Geisser if the assumption of sphericity was violated.
RESULTS

Behavioral Finding
Figure 1shows the mean score of DSB test across ten days. As can be seen, the mean score of DSB test increases from 5 to 11 following the training, indicating a significant improvement of auditory working memory (t=-11.163, d.f.=9, p<0.001). Figure 2 shows the T-bar plots of HINT noise composite SNR values for both trained and control groups. A timing×group RMANOVA revealed a significant main effect of timing (F(1, 18)=17.773, p=0.001) and a significant timing×group interaction (F(1, 18)=12.350, p=0.002) on the mean SNR loss score. Paired t-test showed a significant timing effect (t=6.737, d.f.=9, p<0.001) for the trained group, indicating that subject's ability of speech perception in noise was significantly improved following the auditory cognitive training. For the controls who were not involved in the training, t-test failed to show significant changes in the mean SNR (t=0.428, d.f.=9, p=0.679). Figure 3 shows the grand-averaged ERP waveforms to 50 and 200 cents pitch shifts produced by the trained group from the pre-and post-training sessions. As can be seen, 50 cents elicited smaller P2 amplitudes than 200 cents. Following the auditory cognitive training, P2 amplitude became prominently increased. This training-related change, however, was less pronounced in N1 amplitude. A four-way RMANOVA of P2 amplitude revealed significant main effect of stimulus (F(1, 18)=13.360, p=0.002), timing (F(1, 18)=16.651, p=0.001), and site (F(5, 90)=10.725, p<0.001). P2 amplitude to 200 cents was significantly larger than that to 50 cents. A significant interaction was found between timing and group (F(1, 18)=4.761, p=0.043), leading to separate sub-RMANOVAs of P2 amplitude in the trained and control groups. The results for the trained group showed a significant main effect of timing (F(1, 9)=13.055, p=0.006), indicating that there was a significant increase of P2 amplitude following the auditory cognitive training. By contrast, timing effect failed to reach significance for the control group (F(1, 9)=3.540, p=0.093).
Neurophysiological Finding
Statistical results of P2 latency revealed a significant main effect of stimulus (F(1, 18)=28.906, p<0.001), indicating shorter latencies for 200 cents than 50 cents (225 vs. 250 ms). Main effects of timing (F(1, 18)=2.817, p=0.111), site (F(5, 90)=1.531, p=0.233) or group (F(1, 18)=0.298, p=0.592) as well as interactive effects between factors (p>0.05) failed to reach significance.
For the N1 amplitude, a significant main effect of stimulus (F(1, 18)=7.795, p=0.012) was found, indicating that 200 cents elicited larger N1 amplitude (absolute value) than 50 cents. Neither main effects of timing (F(1, 18)=1.416, p=0.250), group (F(1, 18)=0.840, p=0.371), or site (F(5, 90)=1.940, p=0.127) nor interactive effects between factors (p>0.1) reached significance.
The results of N1 latency revealed significant main effects of stimulus (F(1, 18)=40.859, p<0.001) and timing (F(1, 18)=4.884, p=0.040). N1 latency to 200 cents was significantly shorter than that to 50 cents (147 vs. 125 ms). A significant stimulus×timing×group interaction was found (F(1, 18)=9.047, p=0.008), and separate sub-RMANOVAs were performed for the trained and control group. The results of the trained group showed a significant main effect of timing (F(1, 9)=6.333, p=0.033), indicating that N1 latencies became shorter following the auditory cognitive training (132 vs. 144 ms). The control group did not show this timing effect (F(1, 9)=0.125, p=0.732).
DISCUSSION
The present study was to examine the cortical plasticity in the sensorimotor control of voice following the auditory cognitive training. The behavioral results showed that, following the DSB noise composite training, the mean scores of DSB test and HINT SNR loss were significantly increased. These findings suggest that subjects' perceptual skills in terms of auditory attention and working memory were significantly improved following the auditory cognitive training. Moreover, this training-related change was also observed in the neurophysiological results showing larger P2 amplitude and shorter N1 latency. Taken together, the present findings demonstrate that improvement in speech perception can lead to the enhanced cortical processing of auditory-vocal integration during self-produced vocalization.
Findings from the present study provide evidence that auditory cognitive training based on the DSB noise composite test, including auditory attention and working memory, can contribute significantly to the improvement of speech perception in noise. This finding is supportive to previous research that auditory attention and working memory are involved in speech perception in noise (Humes, 2007; Parbery-Clark et al., 2009 ). More importantly, this training-induced change in speech perception led to the enhanced and faster cortical responses to pitch shifts in voice auditory feedback, suggesting a cause-effect relationship between auditory perception and vocal production at the cortical level. To the best of our knowledge, this is the first data that cortical plasticity in the sensorimotor control of voice can be induced by short-term auditory cognitive training.
There is evidence that listening to speech sound engages motor regions of the brain involved in speech production (Wilson et al., 2004) . This suggests that speech perception system may share some neural circuits with speech production system. So it is possible that changes in the perceptual system can be translated to the production system via these shared neural circuits. And they might be activated in the cortical processing of auditory feedback during self-produced vocalization, leading to the larger cortical responses to pitch shifts following the auditory cognitive training. There is no direct brain imaging evidence to support this speculation though.
Despite the cortical plasticity in the sensorimotor control of voice, it is noteworthy that the magnitude or latency of vocal responses did not differ before and after the training. This finding is consistent with another study that micromelody discrimination training failed to result in improved vocal accuracy (Zarate et al., 2010) . One possibility for this finding is that auditory cognitive training may only induce the changes at the cortical level but not at the behavioral level. Another possibility is that behavioral changes might be reflected by other scales rather than magnitude or latency of vocal response. Further studies should be conducted to examine this question.
